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One Sentence summary 
Unified synthesis of pyrimidine and purine RNA building blocks under plausible prebiotic conditions. 
 







Theories about the origin of life require chemical pathways that allow formation of life’s key building blocks 
under prebiotically plausible conditions. Complex molecules like RNA must have originated from small 
molecules whose reactivity was guided by physico-chemical processes. RNA is constructed from purine and 
pyrimidine nucleosides, both of which are required for accurate information transfer. This is the 
prerequisite for Darwinian evolution. While separate pathways to purines and pyrimidines have been 
reported, their concurrent syntheses remain a challenge. We report the synthesis of the pyrimidine 
nucleosides from small molecules and ribose, driven solely by wet-dry cycles. In the presence of phosphate-
containing minerals, 5’-mono- and di-phosphates also form selectively in one-pot. The pathway is 
compatible with purine synthesis, allowing the concurrent formation of all Watson-Crick bases. 
 
Introduction 
The discovery of catalytic RNA(1) and the development of replicating RNA systems(2, 3) have lent strong 
support to the concept of an RNA world(4). The RNA world hypothesis predicts that life started with RNAs 
that were able to (self)-recognize and replicate. Through a process of chemical evolution, a complex RNA 
and later RNA-peptide/protein world supposedly evolved, from which life ultimately emerged(4). A 
prerequisite for the RNA world is the ability to create RNA under prebiotic conditions. This requires as the 
first elementary step the concurrent formation of pyrimidine and purine nucleosides in the same 
environment. Here, they must have condensed to form information carrying polymers able to undergo 
Darwinian evolution. The question of how the pyrimidine and purine nucleosides could have formed 
together is an unsolved chemical problem, under intensive chemical investigation(5-9). Starting from an 
early atmosphere mainly composed of N2 and CO2,(10) the abiotic synthesis of life’s building blocks must 
have occurred on the early Earth in aqueous environments, whose characteristics were determined by the 
minerals and chemical elements from which the early Earth’s crust was made.(11, 12) Atmospheric 
chemistry, impact events and vulcanic activities must have provided the first reactive small molecules. 
These reacted in surface or deep-sea hydrothermal vents,(13-15) on mineral surfaces(16) or in shallow 
ponds.(17) Within these environments, volcanic activity, seasonal- or day-night cycles caused fluctuations 
of pH and temperature. Such fluctuating conditions provided wet-dry conditions allowing precipitation or 
crystallization of chemicals.(18) Mixing of micro-environments may have opened up new reaction pathways 
that led to increasing chemical complexity. 
Along these geophysical boundaries, two main reaction pathways have been proposed for the formation of 
purine and pyrimidine nucleosides. The synthesis of the purines is possible along a continuous pathway 
based on the reaction of formamidopyrimidine (FaPy) precursors with ribose.(6, 18) For the pyrimidines a 
more stepwise reaction sequence involving aminooxazoles has been discovered.(5) These pathways provide 
the corresponding nucleosides under very different and partially incompatible conditions, leaving the 
question of how purines and pyrimidines could have formed in the same environment unanswered. Here, 
we report a prebiotically plausible pathway to pyrimidine nucleosides, which selectively provides the 5’-
mono- and 5’-di-phosphorylated nucleosides as needed for RNA strand formation. By connecting the 
pathway with the reported purine route,(6, 18) we establish a unifying reaction network that allows for the 





Abiotic synthesis of pyrimidine nucleosides  
The chemistry leading to pyrimidines starts from cyanoacetylene 1 as the key building block (Fig. 1A). 
Compound 1 is observed in interstellar clouds and in the atmosphere of Titan.(19) It has been shown to 
form in large quantities by electric discharge through an CH4 / N2 atmosphere(20) and is also a product of 
the Cu(II)-mediated reaction of HCN and acetylene in water (Fig. 1B2).(21) A recent report suggests that 
molecules such as 1 are plausible prebiotic starting materials, which could have formed in surface 
hydrothermal vents in significant concentrations.(13) We found that 1 reacts fast and cleanly with 
hydroxylamine 2 or hydroxylurea 3 to give 3-aminoisoxazole 4. The reaction of 1 with 3 proceeds under 
slightly basic conditions (pH  10) in 80 – 90% yield within 2 h. 3 is formed in almost quantitative yields from 
the reaction of 2 with cyanate.(22) Compound 4 formed robustly even if we varied the temperature (10 - 
95 °C), the reactant concentrations (10 - 100 mM) or added additional compounds such as urea 5 and/or 
different metal ions (see below). Reaction of cyanoacetylene 1 with hydroxylamine 2 gives 4 with 17% yield 
after 2 h at pH 10. 
While hydroxylamine 2 is an accepted building block for prebiotic amino acid syntheses,(23) its potential 
formation on the early Earth is unclear. We therefore aimed to demonstrate its prebiotic availability. 2 is 
ultimately produced by reduction from NO, which is formed in large quantities when lightning passes 
through moist atmospheres containing N2 and CO2 (Fig. 1B).(10) NO forms as the main product under these 
conditions and spontaneously reacts in the presence of water to nitrite (NO2-) and nitrate (NO3-), which 
leads to the assumption that both anions were quite abundant on the early Earth.(24-26). With Fe(II) as a 
plausible prebiotic reductant, NO2- is converted to NH3 but not to NH2OH 2.(26) Formation of the latter 
requires a partial reduction. We now found that this can be achieved with HSO3-, which forms from volcanic 
SO2 and water.(27) NO2- and HSO3- react to 2 with up to 85% yield (Fig 1B, Fig. S1).(28) We confirmed, that 
this reaction gives first the hydroxylamine disulfonate 6 (Fig. 1B), which hydrolyses to hydroxylamine 2 and 
HSO4-. We find that intermediate 6 reacts with cyanoacetylene 1 as well (88% yield, Fig. 1B, FigS2) to give 
the stable olefin 7, which upon hydrolysis provides again the key intermediate 4. The overall yield of 4 via 
compound 7 is 63% over these two steps. The suggested pyrimidine intermediate 4 is therefore readily 
available from cyanoacetylene 1 upon reaction with either 2, 3 or 6 under prebiotic conditions (Fig 1B). 
When we added urea 5 to a solution of 4, warming (70°C - 95°C) and dry-down resulted in formation of N-
isoxazolyl-urea 8 (Fig. 1A and 2A) in a spot-to-spot reaction that is catalysed by Zn2+ or Co2+. These metal 
ions were likely present on the early Earth.(11, 12) In the presence of Zn2+, compound 8 is formed in 88% 
yield after 2 d at 95 °C (at 70 °C the same yield is obtained after 2-3 w). With Co2+, 68% yield is achieved 
after 2 d at 95 °C. The reaction of 4 to 8 is in all cases a clean process, with the only impurity being unreacted 
4 (Fig. 2A). The product 8 can be subsequently physically enriched. Addition of carbonated water to the 
dried down reaction mixture solubilizes 4, 5 and 8, leaving the metal ions as hydroxides or carbonates 
behind. Subsequent concentration of the supernatant leads to spontaneous crystallization of 8 (55%). This 
allowed us to obtain a crystal structure of 8 (Fig. S3). In order to simulate early Earth chemistry, we 
performed a one-pot experiment. We mixed 1 with 3, 5, and Zn2+ or Co2+ in a carbonate solution (pH 10) 
and indeed obtained compound 4 at 95°C (80-90%). Neutralizing the solution to pH 6-7, which may have 
occurred on the early Earth due to acidic rain, followed by dry-down at the same temperature provided 
compound 8 with yields between 56% (Zn2+) and 40% (Co2+). The continuous synthesis of the key building 
block 8 was consequently achieved in a plausible prebiotic setting that could have existed in hydrothermal 
vents or near volcanic activity, both of which are able to provide elevated temperatures (Fig. S3). The 
synthesis is also possible at lower temperatures, but with extended reaction times. 
For the final step towards nucleosides, we need to assume that, due to flooding or a mixing of 
environments, 8 came into contact with ribose 9 (Fig. 1A and 2B) or any other sugar unit such as threose 
(for TNA) or glyceraldehyde (for GNA) able to form a backbone for a pairing system.(29, 30) When we mixed 
8 with ribose 9 and warmed up the mixture to 95 °C in the presence of boric acid, we observed a fast and 
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high-yielding reaction to provide the ribosylated products 10a-d in 95% yield (Fig. S4a). Other borate 
minerals such as synthetic lüneburgite (Mg3[(PO4)2|B2(OH)6]·6H2O)(31) or borax (Na2[B4O5(OH)4]·10H2O) 
were also able to catalyze this reaction,(32) giving high-yields (>70%, Fig. S5). The major products are 
initially the /-pyranosides (10c and 10d), which dominate over the /-furanosides (10a and 10b, Fig. 
S4a). After heating the mixture under slightly basic conditions at 95°C in the presence of borates, the 
furanosides (54%, 10a and 10b, Fig. 2A) gradually became the dominant products (Fig. S4b). Under these 
conditions we also observed hydrolysis of 10a-d to 8 and 9. The accumulation of the furanosides 10a and 
10b is best explained by complexation of their cis-diols with borate.(32) 
The final step towards pyrimidine nucleosides requires reductive opening of the isoxazole N-O bond, 
followed by tautomerisation, intramolecular cyclization and water elimination in a cascade-like fashion (Fig. 
2C and 2D). We found that this reaction occurs rapidly with Fe2+ in the presence of thiols (Fig. 2D).(33) LC-
MS analysis indicated that cytidine nucleosides 11a-d formed efficiently under these conditions, with the 
furanosidic uridine nucleosides 12a,b being the corresponding deamination products formed by hydrolysis 
(Fig. 2C). Reductive pyrimidine formation can be performed with FeS or the mineral pyrite (FeS2), and both 
have been discussed in the context of early metabolic pathways.(15, 34) Just 0.0001 eq. of soluble Fe2+ in 
water is sufficient for the reaction. In the absence of Fe2+, pyrimidine formation was not observed. The 
reduction also appears to be independent of the thiol source, as the products 11a-d and 12a,b are obtained 
regardless of whether we used dithiothreitol (DTT), propanedithiol, mercaptoethanol or cysteine (Fig. S6). 
 
Selective one-pot formation of 5’-nucleoside mono- and di-phosphates 
The addition of naturally occurring minerals such as hydroxyapatite, colemanite or (synthetic) lüneburgite 
to the reductive pyrimidine-forming reaction had a strong influence on the distribution of the four cytidine 
isomers. Synthetic lüneburgite gave a combined high yield of 85% (Fig. 2C). The natural furanosidic -
cytidine (11b) and its -anomer (11a) are formed under these conditions with about the same yields 
together with small amounts of - and -uridine (12a,b). Importantly, we found only small amounts of the 
- and -cytidine pyranosides (11c and 11d), together with the cytosine base. Since synthetic lüneburgite 
is known to enable nucleotide formation in the presence of urea (Fig. 3A),(31) we simply added urea to the 
one-pot reaction mixture after pyrimidine formation and allowed the mixture to evaporate to dryness at 
85°C over a period of about 20 h. LC-MS analysis of the reaction now showed formation of phosphorylated 
nucleosides (Fig. 3A) in remarkable 19% yield relative to cytidine (Fig. 3B and Fig. S7). We assumed that the 
reaction generated the - and -cytidine-5’-mono-phosphates 13a/b and the 5’-di-phosphorylated 
cytidines 14a/b. Due to hydrolysis we also expected some - and -uridine-5’-mono- and 5’-di-phosphates 
15a/b and 16a/b. We isolated the corresponding HPLC peaks and removed the phosphate groups 
enzymatically (Fig. 3B). LC-MS analysis showed now the dephosphorylated furanosides 11a/b and 12a/b 
with over 94% in the nucleoside pool, which corresponds to a change of the furanoside/pyranoside ratio 
from initially 4:1 to now 17:1 (Fig. 3B). The formation of phosphorylated pyranosides 17 are only a minor 
side reaction. We found no discrimination between - and -anomers during the phosphorylation. The 
furanoside enrichment is best explained by the presence of a primary hydroxyl group in the furanosides, 
which is absent in the pyranosides. The enrichment of 5’-nucleoside-(mono and di)-phosphates under these 
one-pot conditions consequently establishes a further chemical selection step that favors the furanosides 
as the components of RNA. We further characterized the structures of the phosphorylated nucleosides and 
confirmed the formation of the 5’-- and 5’--cytidine-mono- and di-phosphates (13/14a and b, -/-CMP 
and -/-CDP, Fig. S8). Additional analysis allowed identification of ,-UDP 16a/b (Fig. S9). Interestingly, 






Compatible formation of pyrimidine and purine RNA nucleosides 
We next investigated if the prebiotically plausible pyrimidine and purine nucleoside pathways are 
compatible with each other so that they can be connected with the goal to form all Watson-Crick building 
blocks in the same environment solely driven by wet-dry cycles. The purine synthesis(18) requires as the 
initial step reaction of malononitrile 18 with sodium nitrite to give (hydroxyimino)malononitrile 19. Because 
malononitrile 18 can be also generated from cyanoacetylene 1, as shown by Eschenmoser,(35) pyrimidines 
and purines can be traced back to the same chemical root (Fig. 4). Compound 19 forms an organic salt with 
amidines 20 to give nitroso-pyrimidines 21, and upon reduction and formylation, formamidopyrimidines 
(FaPys, 22-25). The latter can react with ribose 9 to give ribosylated FaPys 26 and then purine nucleosides 
27-29 (Fig. 1A).(18) To investigate how the chemical conditions needed for pyrimidine formation from the 
urea-isoxazole 8 would affect purine formation, we reacted 8 and the FaPy-compounds 22 and 23 with 
ribose 9 under dry-down conditions. We performed the reaction under identical conditions but in separate 
reaction vials (Fig. 4). Under these conditions formation of all four Watson-Crick nucleosides cytidine 11, 
uridine 12, adenosine 27 and guanosine 28, were detected.  
We next investigated if pyrimidines and purines can form simultaneously in the same environment (Fig. 5A). 
For this experiment, we mixed the starting materials cyanoacetylene 1, hydroxylurea 3, (hydroxyimino) 
malononitrile 19 and amidine 20 under slightly basic conditions (pH 10). Analysis of the mixture showed 
indeed formation of 4 in 86% yield, despite the presence of 19 and 20. It is surprising that the N-OH 
functionality of compound 19 does not interfere with the formation of 4. Compound 4 is a liquid that can 
enrich from a water solution by dry-down due to its high boiling point (228°C). Interestingly, 4 can act as a 
solvent to facilitate the formation of 21 from the reaction of 19 with 20 under milder conditions (50 °C – 
100 °C instead of 126 °C) compared to a previous procedure.(18) The next step requires reduction and 
formylation of 21 to the FaPy intermediate, which, however, cannot be performed in the presence of the 
isoxazole. Addition of water, eventually containing urea 5, led to spontaneous precipitation of 21. The 
supernatant containing 4 and 5 can flow away. The water insoluble 21 if brought into contact with dilute 
formic acid and Zn (found in Earth’s crust) reacts immediately to the compounds 22 and 24 and Zn2+ as a 
side product (Fig. 5A, Fig. S10a). The reaction products are now water soluble and can potentially recombine 
with 4 and 5. The side product Zn2+ is now catalyzing the reaction of 4 in the presence of 5 to give the N-
isoxazolyl-urea 8 in the presence of 22 and 24 (Fig. 5A, Fig S10b). This leads to the formation of the 
pyrimidine and purine precursors 8, 22 and 24, which can be transformed into the purine and pyrimidine 
nucleosides. In this scenario, the intermediate 4 of the pyrimidine pathway helps formation of the purine 
precursor 21 while Zn2+ as a side product of the purine pathway mediates formation of the pyrimidine 
precursor 8 in a mutually synergistic way, driven by wet-dry cycles.  
We combined 8 with different FaPy-intermediates and investigated if they could react in a one-pot scenario 
with ribose 9 to finally give the purine and pyrimidine nucleosides. To examine this, we dissolved a mixture 
of 8, 22, 25, ribose 9 and boric acid and warmed the mixture up to 95 °C for 14 h allowing for slow 
evaporation of water. The solid material was then taken up with a slightly basic solution containing Fe2+ 
(0.0005 eq.) and DTT (1.5 eq.), and we allowed the mixture to warm up to 95 °C. HPLC-MS analysis proved 
that these conditions simultaneously provided the purine and pyrimidine nucleosides with cytidine (11a-d) 
and adenosine (27) as the main products. Interestingly, diaminopurine nucleosides (DA, 29), which 
hydrolyse to guanosine 28, form in this one-pot reaction as well (Fig. 5A, chromatogram). We noted 
additional formation of double ribosylated adenine (rib2-A). Furthermore,  the nucleoside 28 can be created 
in this scenario if we use 23 (R1 = OH, R2 = NH2) as the starting material but the yields were lower.  
 
Discussion 
Ribose based RNA and the four canonical nucleosides A, G, C and U are central to modern life and to 
prebiotic hypotheses such as the "RNA world", in which RNA strands replicated and evolved to give 
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increasingly complex chemical systems.(4) Whether such RNAs were directly assembled from the canonical 
nucleotides (A, C, G and U bases) or if it evolved from a simpler proto-RNA system is unclear.(36)  
Here we show that a reaction network towards the purine and pyrimdine RNA building blocks can be 
established, starting from simple atmospheric or volcanic molecules. Molecular complexity is generated by 
wet-dry cycles that can drive the chemical transformations. Therefore any environment that was able to 
provide wet-dry phases might have been a suitable place for the origin of RNA building blocks. Our 
geochemical model assumes that chemistry took place within in several basins that were needed to locally 
separate intermediates. We also need one or two streams of water to allow exchange of soluble molecules 
(Fig. 5B). Intermediates might precipitate upon fluctuations of physico-chemical parameters allowing for 
the separation of soluble and insoluble materials (e.g. 4 and 21). After further reactions, which re-establish 
solubility, the compounds can be recombined (Fig 5B). For our scenario we need to assume that the early 
Earth provided environmental conditions that fluctuated between slightly acidic (pH 3), potentially caused 
by acidic rain (SO2, NOx), or basic (pH = 10) caused by carbonates. Even though most of the chemistry 
described here is performed at elavated temperatures, the reactions also occur at lower temperatures, but 
with substantially longer reaction times. We can assume that temperatures fluctuated on the early earth 
just like today due to day-night or seasonal cycles. Such fluctuations would certainly have brought about 
wet-dry cycles, akin to our modern climate of drought and rain. All the geophysical requirements needed 
for the reported chemistry including elevated temperatures could have existed in geothermal fields or at 
surface hydrothermal vents, which are plausible geological environments on early Earth. 
Our proposed chemical pathways towards pyrimidines and purines begin with cyanoacetylene 1, which 
could have formed in surface hydrothermal vents.(13) Reaction of 2, 3 and 6 with 1 is the starting point for 
the pyrimidines, but if 1 reacts instead with ammonia, a pathway to malononitrile 18 as the precursor for 
purine synthesis is possible (Fig. 4).(35) Another key molecule for the synthesis of purines and pyrimdines 
is NO2-, which is needed to nitrosate malonitrile 18 to 19.(18) NO2- is also crucial for the formation of 
hydroxylamine in the presence of HSO3-, which is formed from volcanic SO2.(27) The concentration of NO2- 
that is reachable in a prebiotic setting is under debate, but it is speculated that the most likely place for its 
accumulation are shallow ponds, as needed for our scenario.(17) In general, the limited stability of NO2- 
would not be an issue, provided that it is rapidly captured by HSO3- upon its formation. Our model assumes 
a surface environment, where molecules, such as NO2-, HSO3- or urea 5, could have been delivered by rain 
after their formation in the atmosphere (Fig. 5B).(25, 37) Importantly, our chemistry shows that robust 
reaction networks can be established that allow all key intermediates to be generated efficiently from 
relatively complex mixtures, followed by their physical enrichment or separation on the basis of their 
solubility in water. Wet-dry cycles govern the formation of purine and pyrimidine RNA building blocks in a 
scenario depicted in Fig. 5B. Of course, we will be unable to definitively prove that the described scenario 
took indeed place on early Earth, but the reported chemistry shows that, under plausible prebiotic 
conditions, mutually synergistic reaction pathways can be established in which the intermediates along one 
pathway help the chemistry of the other. In such a scenario, we show that the key building blocks of life 
can be created without the need for sophisticated isolation and purification procedures of reaction 
intermediates, which is common in traditional organic chemistry. 
Importantly, the concurrent formation of pyrimidine and purine nucleosides in the network can be traced 
back to just a handful of key starting molecules such as cyanoacetylene 1, NH3, NH2OH 2 (or the disulfonate 
6), HCN, urea 5, formic acid and isocyanate plus salts such as nitrites, carbonates and borates. Metals such 
as Zn or Fe and their ions play an important role in our chemistry, consistent with their proposed 
involvement in early metabolic cycles.(23, 38) In particular, iron-sulfur surfaces needed for pyrimidine 
formation are discussed as platforms for early prebiotic chemistry.(15, 34, 39) The 5’-(di)phosphorylation 
is integrated into our pathway if phosphate minerals such as lüneburgite or struvite (Fig. S11) are present. 
It remains unclear, however, how ribose or any other carbohydrate, such as glycerol or threose, needed to 
form the backbone of RNA or pre-RNA could have formed selectively.(29, 40) Sugars such as ribose can be 
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produced non-selectively in a formose-like reaction, which is possible in a variety of different physico-
chemical environments.(32, 41-43)  
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Fig. 1. Unified synthesis of pyrimidine and purine RNA building blocks. (A) Starting from plausible prebiotic 
molecules the reaction scheme depicts the route towards the pyrimdines via isoxazolylurea 8 (blue 
background) and the purines via formamidopyrimdines 22-25 (red background).(18) (B) Fundamental 
chemistry that produces the molecules needed for the pyrimidine pathway. Reactions performed in this 
work are shown with green arrows, while black arrows represent well known literature reactions. 
Formation of 4 requires reaction of 1 with hydroxylamine 2, hydroxylurea 3 or the disulfonate 6 (dark grey 








Fig. 2. Formation of pyrimidine nucleosides (11 and 12) from N-isoxazolylurea-ribosides 10a/b. The different 
isomers are labelled according to: a = -furanosyl, b = -furanosyl, c = -pyranosyl, and d = -pyranosyl. (A) 
Formation of 4 and its conversion with urea 5 to N-isoxazolylurea 8. (B) Ribosylation of 8 with ribose 9 and 
equilibration of the reaction mixture in the presence of borates gives the furanosidic isomers 10a and 10b 
(54%). (C) Pyrimidine nucleoside formation by reductive N-O cleavage from the compound mixture 10a/b 
in the presence of ammonium iron(II) sulfate hexahydrate (0.0005 eq.). The HPL-chromatogram with 
detection at 260 nm shows formation of cytidine (C, 11a-d) and uridine (U, 12a/b). (D) Proposed catalytic 





Fig. 3. One-pot nucleotide formation reaction. (A) One-pot synthesis of cytidine and uridine 5’-mono- and 
5’-di-phosphates (13a/b-16a/b) after urea addition to the reaction mixture and allowing the mixture to dry-
down at 85°C for 20 h. a/b represents the - and - anomers, respectively. (B) LC-MS analysis of the 
corresponding nucleotide peaks with UV- and MS-detection and isolation of the formed nucleotides from 
the prebiotic reaction, followed by an enzymatic removal of the phosphate groups. (C) HPLC analysis of the 







Fig. 4. Formation of all four Watson-Crick RNA building blocks in identical but parallel reactions. C (11b), U 
(12b), A (27b), and G (28b) are formed under the same conditions separately from 8, 22 and 23. HPL-
chromatograms are shown with a detection at 260 nm. The nucleosides are labelled according to: a = -
furanosyl, b = -furanosyl, c = -pyranosyl, and d = -pyranosyl. Canonical pyrimidine and purine RNA 





Fig. 5. Unified chemical scenario for the formation of purine and pyrimidine nucleosides. (A) Depiction of 
the connected reaction pathways to pyrimidine and purine nucleosides together with the HPLC analysis 
(260 nm) of the final reaction mixtures. (B) Proposed geochemical scenario for the simultaneous synthesis 
of purine and pyrimidine nucleosides, driven by wet-dry cycles. In yellow, the solvent is 3-aminoisoxazole 
(4), which can be enriched from an aqueous solution due to its high boiling point (228 °C). 2-(Methylthio)-
5-nitrosopyrimidine-4,6-diamine (21) is a general precursor for adenosine and guanosine.(18) Compounds 
8, 22 and 24 are accessible in the same pot and they can react with ribose to the RNA nucleosides in a one-
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Materials and Methods 
General Information 
Chemicals were purchased from Sigma-Aldrich, Fluka, ABCR, Carbosynth, TCI or 
Acros organics and used without further purification. The solvents were of reagent grade 
or purified by distillation. Chromatographic purification of products was accomplished 
using flash column chromatography on Merck Geduran Si 60 (40-63 μm) silica gel 
(normal phase). 1H- and 13C-NMR spectra were recorded on Varian Oxford 200, Bruker 
ARX 300, Varian VXR400S, Varian Inova 400, Bruker AMX 600 and Bruker AVIIIHD 
400 spectrometers and calibrated to the residual solvent peak. Multiplicities are 
abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 
broad. High-resolution ESI spectra were obtained on the mass spectrometer Thermo 
Finnigan LTQ FT-ICR. IR measurements were performed on Perkin Elmer Spectrum BX 
FT-IR spectrometer with a diamond-ATR (Attenuated Total Reflection) setup. Melting 
points were measured on a Büchi B-540 device. For preparative HPLC purification a 
Waters 1525 binary HPLC Pump in combination with a Waters 2487 Dual Absorbance 
Detector was used, with a Nucleosil 100-7 C18 reversed phase column. The prebiotic 
reactions were analyzed by LC-ESI-MS on a Thermo Finnigan LTQ Orbitrap XL and 
were chromatographed by a Dionex Ultimate 3000 HPLC system. All chromatographic 
separations except for nucleotides were performed on an Interchim Uptisphere120 3HDO 
C18 column with a flow of 0.15 ml/min and a constant column temperature of 30 °C. 
Eluting buffers were buffer A (2 mM HCOONH4 in H2O (pH 5.5)) and buffer B (2 mM 
HCOONH4 in H2O/MeCN 20/80 (pH 5.5)). The gradient for isoxazole containing 
compounds and pyrimidine nucleosides was 0 → 20 min, 0% → 4% buffer B. The 
gradient for purine nucleosides was 0 → 45 min, 0% → 15% buffer B. Chromatographic 
separation for nucleotides were performed on a YMC-Triart C18 column with a flow of 
0.20 ml/min and a constant column temperature of 40 °C. Eluting buffers were buffer A 
(10 mM NH4HCO3 and 5 mM dibutylamine in H2O (pH 9.1)) and buffer B (MeCN). The 
gradient was 0 → 10 min, 0% → 20%; 10 → 20 min, 20% → 20% buffer B. The elution 
was monitored at 223 nm and 260 nm (Dionex Ultimate 3000 Diode Array Detector). 
The chromatographic eluent was directly injected into the ion source without prior 
splitting. Ions were scanned by use of a positive polarity mode over a full-scan range of 
m/z 80-500 with a resolution of 30000. Nucleotides were scanned by use of a negative 
polarity mode over a full-scan range of m/z 120-1000 with a resolution of 30000. The 
synthetic standards for the co-injection experiments were synthesized in our lab (see 
synthetic procedures or according to reported literature(44)) or purchased. XRD 
measurements were performed on a STOE powder diffractometer in transmission 
geometry (Cu-Kα1, λ = 1.5406 Å) with a step size of 2°2θ (30 seconds per step) and 
equipped with a position-sensitive Mythen-1K detector. The X-ray intensity data was 
measured at a temperature of 100 K on a Bruker D8 Venture TXS system equipped with 
a multilayer mirror optics monochromator and a Mo Kα rotating-anode X-ray tube (λ = 
0.71073 Å). The frames were integrated with the Bruker SAINT software package using 
a narrow-frame algorithm. Data were corrected for absorption effects using the Multi-
Scan method (SADABS). The structures were solved and refined using the Bruker 







Isolated nucleotides in 42 μL H2O were digested as follows: 10X DNA Degradase™ 
Reaction Buffer (5 μL), together with 8 U DNA Degradase Plus™ (2 μL, Zymo 
Research) and 3.5 U of Benzonase® Nuclease (1 μL, Merck, purity >90%) was added 
and the mixture was incubated at 37 °C for 2 h. The sample was directly analysed by LC-
MS according to the general information. 
 
Apyrase digestion 
Isolated nucleotides in 17.6 μL H2O were digested as follows: 10X Apyrase reaction 
buffer (2 μL, NEB) was added together with 0.2 U of apyrase (0.4 μL, NEB). The 
mixture was incubated at 30 °C for 2 h.  The sample was directly analysed by LC-MS 
according to the general information. 
 
Synthetic Procedures 
Hydroxylammonium chloride (2) 
 
A solution of potassium hydroxylamine disulfonate 6 (269 mg, 1.00 mmol, 1.0 
eq)(45) in 100 mM aq. HCl (10 mL) was shaken at 850 rpm and 90 °C for 2 h in an 
Eppendorf ThermoMixer®. The reaction mixture was treated with BaCl2 (489 mg, 2.00 
mmol, 2.0 eq) and left for 5 min at 90 °C to precipitate the formed sulfates.  The resulting 
suspension was filtered, and the filtrate was lyophilized to afford a white residue, which 
was extracted with EtOH (3 x 5 mL). After removing the solvent in vacuo, 
hydroxylammonium chloride 2 was identified via 1H-NMR (Fig. S1).  
Note: Under neutral conditions, hydrolysis of hydroxylamine disulfonate proceeds 
over a much longer period of time.(45, 46) 
 
1H NMR (400 MHz, DMSO-d6) δ 10.32 (s, 3H), 10.11 (s, 1H). 
 
 
((2-Cyanovinyl)oxy)(sulfonato)sulfamate (7) via hydroxylamine disulfonate (6) 
 
Prebiotically from SO2 and NO2
-: 
NaNO2 (2.76 g, 40.0 mmol, 1.0 eq) and Na2S2O5 (4.18 g, 22.0 mmol, 0.55 eq) were 
dissolved in H2O (150 mL). SO2 was passed through the solution under stirring, while the 
temperature increased from 25 °C to about 35 °C. When a pH of 3 was reached, the gas 
injection was stopped and 700 µL of the reaction mixture were transferred into a 
microcentrifuge tube. After the successive addition of aq. Na2CO3 (300 µL, 1 M) and 
cyanoacetylene (6.26 µL, 100 µmol), the mixture was shaken at 25 °C and 850 rpm for 
60 min in an Eppendorf ThermoMixer®.  For quantification, a sample of 100 µL was 
treated with aq. 14.3 mM NaOAc (350 µL, as internal standard) and D2O (50 µL). NMR 
spectroscopy (Fig. S2a) revealed the formation of (Z)-((2-cyanovinyl)oxy)(sulfonato)-







From hydroxylamine disulfonate: 
To a solution of Na2CO3 (106 mg, 1.00 mmol, 2.2 eq.) and 6 (121 mg, 450 µmol, 1.0 
eq) in H2O (5 mL) was added cyanoacetylene (31.3 µL, 500 µmol, 1.1 eq.). The mixture 
was shaken at 25 °C and 850 rpm for 40 min in an Eppendorf ThermoMixer®. The 
mixture was neutralized with aq. 2 M HCl (500 µL) and lyophilized to obtain crude (Z)-
((2-cyanovinyl)oxy)(sulfonato)sulfamate (7) as identified via NMR (Fig. S2b). Note: 
Compound 6 was synthesized according to literature.(45) 
1H NMR (400 MHz, D2O) δ 7.38 (d, J = 7.0 Hz, 1H), 4.91 (d, J = 7.0 Hz, 1H). 13C 
NMR (101 MHz, D2O) δ 160.35, 115.47, 74.52. HRMS (ESI-): calc.: [C3H3N2O7S2]
- 
242.9387, found: 242.9386 [M-H]-. 
 




To a mixture of a divalent metal salt (13.6 mg ZnCl2 or 23.8 mg CoCl2 ּ 6 H2O, 100 
µmol, 1.0 eq.), Na2CO3 (42.4 mg, 400 µmol, 4.0 eq.), urea (24.0 mg, 400 µmol, 4.0 eq.), 
hydroxylurea (8.0 mg, 105 µmol, 1.1 eq.) in H2O (1 mL) was added cyanoacetylene (6.26 
µL, 100 µmol, 1.0 eq.). The mixture was shaken at 25 °C and 850 rpm for 2 h in an 
Eppendorf ThermoMixer®. A sample (10 µL) was taken and diluted with H2O (990 µL) 
to 1 mL for LC-MS analysis (5 µL injection volume). Compound 4 was formed in 88% 
(Zn2+) and 83% (Co2+) yield, respectively. The yield was determined by LC-MS 
measurement with the calibration curve prepared using commercially available 3-
aminoisoxazole. For the confirmation of the structural integrity, the reaction mixture was 
extracted with diethylether, dried over MgSO4, concentrated and the crude residue 
purified by flash column chromatography (CH2Cl2:MeOH = 20:1). The NMR spectrum 
of the isolated compound was identical to that of a commercial sample. 
From SO2 and NO2
-: 
NaNO2 (2.76 g, 40.0 mmol, 1.0 eq) and Na2S2O5 (4.18 g, 22.0 mmol, 0.55 eq) were 
dissolved in H2O (150 mL). SO2 was passed through the solution under stirring, while the 
temperature increased from 25 °C to about 35 °C. When a pH of 3 was reached, the gas 
injection was stopped and 700 µL of the reaction mixture were transferred into a 
microcentrifuge tube. After the successive addition of aq. Na2CO3 (300 µL, 1 M) and 
cyanoacetylene (6.26 µL, 100 µmol), the mixture was shaken at 25 °C and 850 rpm for 
60 min in an Eppendorf ThermoMixer®. To accelerate hydrolysis,(46) 900 µL of the 
reaction mixture were acidified with aq. conc. HCl (100 µL) and shaken at 50 °C and 850 
rpm for 60 min in an Eppendorf ThermoMixer®. Compound 4 was formed in 63% yield. 
The yield was determined by LC-MS measurement with the calibration curve prepared 
using commercially available 3-aminoisoxazole. 
 
From hydroxylamine: 
To a mixture of ZnCl2 (6.8 mg, 50 µmol, 0.5 eq), Na2CO3 (26.5 mg, 250 µmol, 2.5 





eq) in H2O (1 mL) was added cyanoacetylene (6.26 µL, 100 µmol, 1.0 eq). The mixture 
was shaken at 25 °C and 850 rpm for 3.5 h in an Eppendorf ThermoMixer®. A sample 
(10 µL) was taken and diluted with H2O (990 µL) to 1 mL for LC-MS analysis (5 µL 
injection volume). Compound 4 was formed in 17% yield. The yield was determined by 
LC-MS measurement with the calibration curve prepared using commercially available 3-
aminoisoxazole. 
1H NMR (400 MHz, DMSO-d6) δ 8.32 (d, J = 1.7 Hz, 1H, HC5), 5.88 (d, J = 1.7 
Hz, 1H, HC4), 5.57 (s, 2H, NH2). 13C NMR (101 MHz, DMSO-d6) δ 163.76 (C5), 





Prebiotic Synthesis from 4: 
To a solution of urea (120 mg, 2.00 mmol, 4.0 eq.) and a divalent metal salt (68 mg 
ZnCl2 or 119 mg CoCl2 ּ 6 H2O; 0.5 mmol, 1.0 eq.) in H2O (500 µL) was added 3-
aminoisoxazole (36.9 µL, 500 µmol, 1.0 eq.). The mixture was shaken at 850 rpm and 
95 °C for 2 d in an Eppendorf ThermoMixer® open to the air to allow water to evaporate. 
The resulting residue was dissolved in H2O to a final volume of 1 mL. A sample (10 µL) 
was taken and diluted with H2O (2000 x) for LC-MS analysis (5 µL injection volume). 
Compound 8 was formed in 88% (Zn2+), 68% (Co2+) and 25% (no metal) yield, 
respectively. The yield was determined by LC-MS measurement with the calibration 
curve prepared using synthetic N-isoxazolyl-urea. 
For prebiotic enrichment, five replicates of the aforementioned reaction were 
prepared using ZnCl2. The crude products were combined and resuspended in H2O (50 
mL). After treatment with K2CO3 (2.76 g, 20 mmol, 4.0 eq.) in H2O (10 mL), the 
resulting suspension was mixed and centrifuged at 5000 rpm for 5 min. The supernatant 
was transferred into a 100 mL beaker and left at RT for 5 d to allow for crystallization by 
concentration. Crystallized N-Isoxazolyl-urea (348 mg, 2.74 mmol, 55%) was collected 
and analyzed by X-ray spectroscopy. 
 
One-pot prebiotic synthesis from 1: 
To a mixture of a divalent metal salt (13.6 mg ZnCl2 or 23.8 mg CoCl2 ּ 6 H2O; 100 
µmol, 1.0 eq.), Na2CO3 (42.4 mg, 400 µmol, 4.0 eq.), urea (24.0 mg, 400 µmol, 4.0 eq.), 
hydroxylurea (8.0 mg, 105 µmol, 1.1 eq.) in H2O (1 mL) was added cyanoacetylene (6.26 
µL, 100 µmol, 1.0 eq.). The suspension was shaken at 25 °C and 850 rpm for 2 h in an 
Eppendorf ThermoMixer®. The mixture was neutralized with conc. aq. HCl (70.4 µL) 
and left to equilibrate for several minutes at 95 °C to adjust the pH to 6-7. The resulting 
solution was shaken at 95 °C and 850 rpm for 2 d in an Eppendorf ThermoMixer® open 
to the air to allow water to evaporate. The resulting residue was dissolved in H2O to a 
final volume of 1 mL. A sample (10 µL) was taken and diluted with H2O (990 µl) to 1 





and 40% (Co2+) yield, respectively. The yield was determined by LC-MS measurement 
with the calibration curve prepared using synthetic N-isoxazolyl-urea. 
Synthetic reference: 
3-aminoisoxazole (1.14 g, 1.00 ml, 13.5 mmol) was dissolved in dry THF (20 ml) 
under inert atmosphere at 0°C. 2,2,2-trichloroacetylisocyanate (2.45 g, 1.61 ml, 
13.5 mmol) was slowly added to the solution and the reaction was stirred at rt for 2 h. 
The reaction was quenched with MeOH (10 ml) and the solvent removed in vacuo. After 
co-evaporation with EtOH (2 x 20 ml) the product was obtained as a colorless solid 
(3.44 g, 12.6 mmol, 93 %). The crude product (3.12 g, 11.4 mmol) was dissolved in 
methanolic ammonia (10 mL, 7 M) and stirred for 1.5 h at rt.  MeOH (20 mL) und EtOH 
(20 mL) were added to the reaction to obtain a clear solution. Et2O (40ml) was added to 
the clear solution to precipitate the product. The crude product was filtered off and was 
subsequently dissolved in H2O (20 ml).  After filtering through celite, the solvent was 
removed by freeze-drying to obtain the product as a colorless solid (1.16 g, 9.15 mmol, 
80%).  
mp: 175 °C. 1H NMR (400 MHz, DMSO-d6)  (ppm) = 9.41 (s, 1H, HN4), 8.65 (d, 
3J = 1.7 Hz, 1H, HC5), 6.70 (d, 3J = 1.7 Hz, 1H, HC4), 6.28 (s, 2H, NH2).13C NMR (101 
MHz, DMSO-d6)  (ppm) = 159.4 (C5), 158.6 (C3), 154.6 (CO), 98.2 (C4). HRMS 
(ESI+): calc.: [C4H6N3O2]
+ 128.0455, found: 128.0455 [M+H]+. IR (cm-1): ?̃? = 3486 
(vw), 3389 (w), 3259 (vw), 3179 (w), 3194 (w), 3033 (w), 2958 (w), 1752 (m), 1730 (m), 
1686 (w), 1631 (w), 1592 (vs), 1537 (w), 1486 (m), 1416 (s), 1378 (s), 1343 (w), 1298 
(vw), 1284 (w), 1123 (m), 1070 (w), 1039 (vw), 981 (vw), 928 (w), 891 (w), 797 (s), 756 
(vs), 654 (w). 
 
Formation of 3-aminoisoxazole 4 in the presence of 19 and 20 
To a solution of the methylthioamidine 20 salt of (hydroxyimino)malononitrile 19 (9.3 
mg, 50 µmol, 0.5 eq), Na2CO3 (26.5 mg, 250 µmol, 2.5 eq.), and hydroxylurea 3 (8.0 mg, 
0.11 µmol, 1.1 eq.) in H2O (1 mL) was added cyanoacetylene (6.26 µL, 100 µmol, 1.0 
eq). The mixture was left at rt for 10 min. A sample (10 µL) was taken and diluted with 
H2O (990 µL) to 1 mL for LC-MS analysis (5 µL injection volume). Compound 4 was 
formed in 86% yield. The yield was determined by LC-MS measurement with the 
calibration curve prepared using commercially available 3-aminoisoxazole.  
 
Prebiotically linked syntheses of pyrimidine (8) and purine (22,24) precursors (see 







(A) Formation of 2-(methylthio)-5-nitrosopyrimidine-4,6-diamine 21 
 
The methylthioamidine salt of (hydroxyimino)malononitrile (130 mg, 0.7 mmol, 0.5 
eq.) was suspended in 3-amino-isoxazole (103 µL, 1.39 mmol, 1 eq.) and shaken at 95 °C 
and 850 rpm for 3 h in an Eppendorf ThermoMixer®. To the reaction mixture was added 
an aq. solution of urea (4 eq. in 1 mL H2O). The reaction mixture was filtered, the residue 
was washed with H2O (1 mL) and dried to afford crude 2-(methylthio)-5-nitroso-
pyrimidine-4,6-diamine 21 (57 mg, 0.31 mmol, 45%). The filtrate was kept for the 
formation of 8. 
 
(B) Formation of formamidopyrimidine 22 and 24 
 
The intermediate 21 (46 mg, 0.25 mmol, 1.0 eq) was suspended in aq. HCOOH 
(4.5%, 2.5 mL) in the presence of elementary Zn powder (65 mg, 1.0 mmol, 4.0 eq). The 
reaction mixture was stirred at 70 °C in a sealed 15 mL Ace pressure tube for 4 h. After 
cooling to rt, the mixture was diluted with H2O (2.5 mL) and filtered. The filtrate was 
analysed by LC-MS (see Fig. 5b) and was used for the formation of 8 in the next step.  
 
(C) Formation of isoxazolyl-urea 8 
 
The filtrate from (B) was transferred into a conical glass tube containing the filtrate 
of (A). The solution was left at 95 °C for 2d in the oven open to the air to allow water to 
evaporate. After cooling to rt, the resulting solid was suspended in H2O (10 mL). A 
sample (100 µL) was taken and diluted with H2O (10 x) for LC-MS analysis (5 µL 
injection volume).  FaPyA (22), FaPyms2A (24) and N-isoxazolyl-urea (8), were 













Prebiotic synthesis:  
N-isoxazolylurea (6.4 mg, 0.05 mmol) was thoroughly ground up with ribose (37.5 
mg, 0.25 mmol, 5 eq.) and boric acid (0.8 mg, 0.013 mmol, 0.25 eq.). The mixture was 
heated overnight in an oven at 95 °C. Alternatively the reaction can also be performed by 
a dry-down method, where a solution of N-isoxazolylurea (500 ul, 0.05 mmol, 100 mM) 
is mixed with a ribose (83 µl, 0.25 mmol, 3 M) and boric acid (25 ul, 0.013 mmol, 500 
mM) solution. The mixture was kept in an oven for 20 h at 95 °C. The sample was 
dissolved in H2O (2 ml) and analyzed by LC-MS. To confirm the structural integrity, the 
different isomers were isolated by reversed phase HPLC in pure form. 
 
Synthetic reference: 
1-O-acetyl-2,3,5-tri-O-benzoyl-β-D-ribofuranose (17.0 g, 33.8 mmol) was dissolved 
in dry DCM (300 ml) under inert atmosphere. TiCl4 (4.46 mL, 40.7 mmol) was added 
and stirred for 2 h at rt. H2O (250 ml) was added and filtered through celite. The organic 
layer was separated and the aqueous phase was extracted with DCM (3 x 100 ml). The 
combined organic layers were washed with sat. NaCl (300 ml), dried over MgSO4, 
filtered and the solvent was removed in vacuo. The crude product was dissolved in dry 
toluene (300 ml) and AgNCO (6.25 g, 41.6 mmol) was added. After refluxing for 2.5 h, 
the reaction mixture was filtered through celite and washed with dry toluene. To the clear 
solution was added 3-aminoisoxazole (3 ml, 40.6 mmol) and stirred for 16 h at rt. The 
solvent was removed in vacuo and the product purified by flash column chromatography 
(DCM:MeOH 50:1). The product was dissolved in methanolic ammonia (330 ml, 7 M) 
and stirred for 18 h at rt. The solvent was removed in vacuo and the product purified by 
flash column chromatography (DCM:MeOH 17:3 → 4:1). The product was obtained as a 
colorless foam and contained a 3:1 mixture of the - and -furanoside (4.87 g, 18.8 
mmol, 56%). The - and -furanosides were isolated in pure form by reversed phase 




mp: (131 °C).1H NMR (400 MHz, DMSO-d6) (ppm) = 9.85 (s, 1H, NH), 8.66 (d, 
3J = 1.7 Hz, 1H, HC5), 7.24 (d, 3J = 9.5 Hz, 1H, C1‘NH), 6.73 (d, 3J = 1.8 Hz, 1H, HC4), 
5.50 (dd, 3J = 9.5, 4.4 Hz, 1H, HC1‘), 5.41 (br, 1H, C3‘OH), 5.03 (br, 1H, C2‘OH), 4.66 
(br, 1H, C5‘OH), 3.92 (t, 3J = 4.4 Hz, 1H, HC2‘), 3.87 (dd, 3J = 6.6, 4.5 Hz, 1H, HC3‘), 
3.71 (ddd, J = 6.5, 4.9, 3.1 Hz, 1H, HC4‘), 3.49 (dd, 2J = 11.7 Hz, 3J = 3.1 Hz, 1H, 
HaC5‘), 3.39-3.35 (m, 1H, HbC5‘). 13C NMR (101 MHz, DMSO-d6) (ppm) = 159.5 
(C5), 158.4 (C3), 153.3 (CO), 98.3 (C4), 81.9 (C4’), 80.6 (C1’), 71.1 (C3’), 70.1 (C2’), 
61.6 (C5’). HRMS (ESI+): calc.: [C9H14N3O6]





(cm-1): 𝜈 ̃ = 3852 (w), 3820 (w), 3648 (w), 3283 (w)m 1843 (vw), 1771 (w), 1717 (m), 
1699 (s), 1652 (vs), 1634 (s), 1575 (m), 1558 (vs), 1539 (vs), 1506 (vs), 1456 (s), 1436 




mp: 120 °C (decomp.).1H NMR (400 MHz, DMSO-d6) (ppm) = 9.63 (s, 1H, NH), 
8.67 (d, 3J = 1.7 Hz, 1H, HC5), 7.13 (d, 3J = 9.5 Hz, 1H, C1‘NH), 6.74 (d, 3J = 1.7 Hz, 
1H, HC4), 5.20 (dd, 3J = 9.5, 5.4 Hz, 1H, HC1‘), 5.12 – 4.68 (m, 3H, C2’OH, C3’OH and 
C5‘OH), 3.85 (t, 3J = 4.6 Hz, 1H, HC3‘), 3.71 (t, 3J = 5.4 Hz, 1H, HC2‘), 3.67 (q, 3J = 4.2 
Hz, 1H, HC4‘), 3.45 (dd, 2J = 11.7 Hz, 3J = 4.0 Hz, 1H, HaC5‘), 3.42 – 3.39 (m, 1H, 
HbC5‘).13C NMR (101 MHz, DMSO-d6) (ppm) = 159.6 (C5), 158.3 (C3), 153.4 (CO), 
98.3 (C4), 84.4 (C1‘), 83.5 (C4‘), 74.3 (C2‘), 70.3 (C3‘), 61.8 (C5‘). HRMS (ESI+): 
calc.: [C9H13NaN3O6]
+ 282.0697, found: 282.0696 [M+Na]+. IR (cm-1): 𝜈 ̃ = 3268 (m), 




mp: 190 °C. 1H NMR (400 MHz, DMSO-d6) (ppm) = 9.97 (s, 1H, NH), 8.67 (d, 
3J = 1.8 Hz, 1H, HC5), 7.47 (d, 3J = 9.1 Hz, 1H, C1‘NH), 6.74 (d, 3J = 1.8 Hz, 1H, HC4), 
5.25 – 4.87 (m, 4H, HC1‘, C2‘OH, C3‘OH, C5‘OH), 3.70 (t, 3J = 2.8 Hz, 1H, HC3‘), 
3.64 – 3.44 (m, 4H, HC2‘, HC4‘, HaC5‘, HbC5‘). 13C NMR (101 MHz, DMSO-d6) 
(ppm) = 159.5 (C5), 158.4 (C3), 153.4 (CO), 98.4 (C4), 77.9 (C1’), 69.4 (C3’), 69.3 
(C4’), 68.4 (C5’) 67.6 (C2’). HRMS (ESI+): calc.: [C9H13N3O6]
+ 260.0877, found: 
260.0877 [M+H]+. IR (cm-1): ?̃? = 3090 (vw), 2363 (m), 2271 (w), 1956 (w), 1700 (vs), 
1683 (s), 1652 (s), 1823 (w), 1732 (w), 1700 (vs), 1683 (s), 1652 (s), 1609 (w), 1559 (m), 




mp: 175 °C (decomp.). 1H NMR (400 MHz, DMSO-d6) (ppm) = 9.46 (s, 1H, 
NH), 8.68 (d, 3J = 1.8 Hz, 1H, HC5), 6.89 (d, 3J = 9.1 Hz, 1H, C1‘NH), 6.74 (d, 3J = 1.8 
Hz, 1H, HC4), 4.90 (t, 3J = 9.1 Hz, 1H, HC1‘), 4.84 (d, 3J = 3.6 Hz, 1H, C3‘OH), 4.82 (d, 
J = 7.4 Hz, 1H, C2‘OH), 4.69 (d, 3J = 6.5 Hz, 1H, C4‘OH), 3.88 (q, J = 2.8 Hz, 1H, 





9.1, 7.4, 2.8 Hz, 1H, HC2‘). 13C NMR (101 MHz, DMSO-d6) (ppm) = 159.7 (C5), 
158.3 (C3), 153.6 (CO), 98.3 (C4), 77.5 (C1‘) 70.9 (C3‘), 69.9 (C2‘), 67.0 (C4‘), 64.1 
(C5‘). HRMS (ESI+): calc.: [C9H13N3O6]
+ 260.0877, found: 260.0877 [M+H]+. IR (cm-
1): ?̃? = 3314 (m), 2871 (vw), 1941 (vw), 1705 (vs), 1598 (w), 1540 (vs), 1476 (w), 1432 
(vw), 1336 (vw), 1282 (m), 1266 (w), 1208 (w), 1168 (m), 1139 (m), 1088 (w), 1065(m), 
1035 (vs), 1004 (m), 950 (s), 916 (w), 886 (m), 804 (m), 789 (vs), 744 (w), 706 (m). 
 
Prebiotic formation of pyrimidine nucleosides and nucleotides 
General procedure nucleoside formation 
The reactions were handled under inert atmosphere. All solutions were degassed for 
1 h with argon before use. A solution of ribose isoxazole 10a/b as a 3:1 mixture (25.9 
mg, 0.1 mmol, 1 eq.) in 75 mM Na2CO3 (0.5 ml) was added to a mixture of mineral (1 
eq.), dithiol (1.5 eq.) and Fe2+ source (0.5 eq.) in a 15 ml falcon tube. The tube was sealed 
with a PTFE sealing tape and shaked for 4 h at 100°C in an Eppendorf ThermoMixer®. 
After cooling to rt, it was centrifuged and a sample (10 µL) was removed and diluted 
with H2O to 1 ml. This diluted sample was used for LC-MS analysis according to the 
general information. 
The different minerals, thiols and iron sources used are stated in the main text. 
Monothiols were used with 3 eq. As water soluble Fe2+ salt we used ammonium iron(II) 
sulfate hexahydrate in a range of 0.001-0.0001 eq. Reactions without minerals were 
performed in a different buffer (100 mM Na2CO3, 50 mM boric acid, pH 9.7). 
 
General procedure for one-pot nucleotide formation 
The above described procedure was used for nucleoside formation. Lüneburgite or 
struvite (0.1 mmol, 1 eq.) were used as minerals, DTT (23.1 mg, 0.15 mmol, 1.5 eq.) and 
FeS2 (6.0 mg, 0.05 mmol, 0.5 eq.) were used as thiol and Fe
2+ source. After nucleoside 
formation we added solid urea (240 mg, 4 mmol, 40 eq.) and in case of struvite 
additionally oxalic acid (0.30 mmol, 3.0 eq.). The mixture was heated to 65 °C until the 
urea was fully dissolved. The sample was well suspended by vortexing and a sample 
(25 µL) was transferred into a 2 ml Eppendorf tube. The sample was kept at 85 °C for 20 
h in an Eppendorf ThermoMixer® open to the air to allow water to evaporate. The dried 
sample was taken up in H2O (1 ml) and analyzed for nucleotides by LC-MS analysis 
according to the general information. 
 
Formation of purine nucleosides compatible to pyrimidine nucleoside formation 
For purine nucleoside synthesis, FaPyA 22 or FaPyG 23 (0.05 mmol, 1eq.) was 
thoroughly ground up with ribose (37.5 mg, 0.25 mmol, 5 eq.) and boric acid (0.80 mg, 
0.013 mmol, 0.25 eq.), identical to the N-isoxazolyl-urea ribosylation. The mixture was 
heated overnight in an oven at 95 °C. The resulting ribosides were heated at 100 °C in 
sealed 2 ml Eppendorf tubes under the following conditions: 100 mM Na2CO3, 50 mM 
boric acid, pH 9.7, 1.5 eq. DTT and 0.0005 eq. ammonium iron(II) sulfate hexahydrate. 
The following reaction times and concentrations were used: FaPyA (3d, 25 mM), FaPyG 








Formation of purine and pyrimidine nucleoside in an one-pot reaction  
For one-pot nucleoside synthesis of purines and pyrimidines, solutions of 8 (400 l, 
100 mM, 40 µmol, 1.0 eq), FaPyA (400 µl, 50 mM, 20 mol, 0.5 eq.), FaPyDA (400 µL, 
50 mM, 20 mol, 0.5 eq.), ribose (267 µL, 3 M, 800 mol, 20 eq.) and boric acid 
(48.0 uL, 500 mM, 24 mol, 0.6 eq.) were heated at 95 °C for 14 h in a dry down 
reaction. The formed residue containing 10 and 26 was dissolved in a basic buffer 
(1.6 mL, 100 mM Na2CO3 and 50 mM Borate) and degased in a 15 mL Falcon tube with 
argon. To the degassed reaction mixture (500 l) was added soluble Fe2+ (0.0005 eq.) and 
DTT (2.8 mg, 18.2 mol, 1.5 eq.). The tube was sealed with a PTFE sealing tape and 
shaked for 4 h at 100 °C in an Eppendorf ThermoMixer®. After 4 h a carbonate solution 
(0.5 mL, 500 mM) was added and the reaction continued for another 20 h. After cooling 
to rt, it was centrifuged and a sample (20 µL) was removed and diluted with H2O to 0.5 
ml. This diluted sample was used for LC-MS analysis according to the general 
information. 
 
(1R,2R,3R,4S)-tetrahydro-2H-pyran-2,3,4,5-tetrayl tetraacetate (30) 
 
D-ribose (5.00 g, 33.3 mmol) was dissolved in pyridine (20 mL) and cooled to 0°C 
in an ice water bath. Acetic anhydride (20 ml, 212 mmol) was added and stirred at 0°C 
overnight. The mixture was poured into ice cold water (200 ml). The solid was filtered 
off and the crude product was crystallized from a mixture of MeOH and H2O to obtain 
the pure product as colorless crystals (5.22 g, 16.4 mmol, 49%).  
1H NMR (400 MHz, CDCl3) (ppm) = 6.02 (d, 3J = 4.8 Hz, 1H, HC1), 5.47 (t, 3J = 
3.4 Hz, 1H, HC3), 5.19 – 5.11 (m, 1H, HC4), 5.05 – 5.00 (m, 1H, HC2), 4.01 (dd, 2J = 
12.4 Hz, 3J = 3.4 Hz, 1H, HaC5), 3.90 (dd, 
2J = 12.4 Hz, 3J = 5.7 Hz, 1H, HbC5), 2.12 (s, 
3H, CH3), 2.09 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.08 (s, 3H, CH3). 13C NMR (101 MHz, 
CDCl3) (ppm) = 170.0 (CO), 169.9 (CO), 169.6 (CO), 168.9 (CO), 91.0 (C1), 67.40 
(C2), 66.3 (C3), 66.2 (C4), 62.8 (C5), 21.0 (CH3), 20.9 (CH3), 20.8 (CH3), 20.8 (CH3). 
 
(1’R,2‘R,3‘R,4‘S)-2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)tetrahydro-2H-
pyran-3,4,5-triyl triacetate (31) 
 
Uracil (269 mg, 2.40 mmol) was suspended in dry MeCN (14 ml) under inert 
atmosphere. The mixture was refluxed and bis(trimethylsilyl)acetamid (1.26 mL, 
1.05 mg, 5.15 mmol) was added. After the mixture became clear, a solution containing 
tetraacetyl--D-ribose 30 (636 mg, 2.00 mmol, 0.8 eq.) and TMSOTf (0.54 mL ,667 mg, 
3.00 mmol) in dry MeCN was added. The reaction was further refluxed for 8 h. After 





extracted with EtOAc (5 x 25 ml). The combined organic layers were dried over MgSO4, 
filtered and the solvent removed in vacuo. The crude product was purified by flash 
column chromatography (DCM/MeOH 97:3) to obtain the pure compound as a yellowish 
solid (655 mg, 1.77 mmol, 89%). 
mp: 164 °C. 1H NMR (400 MHz, DMSO-d6) (ppm) = 11.47 (s, 1H, HN3), 7.90 
(d, 3J = 8.2 Hz, 1H, HC6), 5.85 (d, 3J = 9.7 Hz, 1H, HC1’), 5.70 (dd, 3J = 8.1 Hz, 4J = 1.5 
Hz, 1H, HC5), 5.66 – 5.63 (m, 1H, HC3’), 5.49 (dd, 3J = 9.8, 3.1 Hz, 1H, HC2’), 5.23 – 
5.15 (m, 1H, HC4’), 3.99 – 3.92 (m, 1H, HaC5’), 3.85 (dd, 
2J = 11.0 Hz, 3J = 5.5 Hz, 1H, 
HbC5’), 2.19 (s, 3H, CH3), 1.98 (s, 3H, CH3), 1.92 (s, 3H, CH3). 13C NMR (101 MHz, 
DMSO-d6) (ppm) = 170.0 (CO), 169.3 (CO), 169.0 (CO), 162.8 (C4), 150.6 (C2), 140.7 
(C6), 102.7 (C5), 77.7 (C1’), 67.7 (C3’), 66.5 (C2’), 65.5(C4’), 62.7 (C5’), 20.5 (CH3), 
20.5 (CH3), 20.3 (CH3). HRMS (ESI+): calc.: [C15H19N2O9]
+ 371.1090, found: 371.1085 
[M+H]+. IR (cm-1): ?̃? = 3066 (vw), 2822 (vw), 2360 (vw), 1747 (s), 1692 (s), 1453 (w), 
1371 (s), 1305 (w), 1212 (vs), 1163 (m), 1121 (w), 1079 (s), 1041 (s), 986 (m), 952 (m), 




Nucleoside 31 (56 mg, 0.151 mmol) was dissolved in methanolic ammonia (4 ml, 
1 M) and stirred for 19 h at rt. The solvent was removed in vacuo and the crude product 
was purified by flash column chromatography (DCM/MeOH 4:1) to obtain the pure 
product as a colorless solid (28.0 mg, 0.115 mmol, 76%). For LC-MS measurements, a 
fraction of the product was further purified by reversed phase HPLC. 
mp: 220 °C (decomp.). 1H NMR (599 MHz, DMSO-d6) (ppm) = 11.25 (s, 1H, 
HN3), 7.66 (d, 3J = 8.1 Hz, 1H, HC6), 5.60 (d, 3J = 8.1 Hz, 1H, HC5), 5.58 (d, 3J = 9.4 
Hz, 1H, HC1’), 5.11 (br, 1H, OH), 5.09 (br, 1H, OH), 4.84 (br, 1H, OH), 3.97 (d, 3J = 3.2 
Hz, 1H, HC3’), 3.68 (d, J = 9.5 Hz, 1H, HC2’), 3.63 (ddd, 3J = 7.4, 6.0, 2.3 Hz, 1H, 
HC4’), 3.58 – 3.53 (m, 2H, HaC5’, HbC5’). 13C NMR (101 MHz, DMSO-d6) (ppm) = 
163.0 (C4), 151.1 (C2), 141.4 (C6), 101.67 (C5), 79.6 (C1‘), 71.2 (C3’), 67.6 (C2’), 66.4 
(C4’), 65.2 (C5’). HRMS (ESI+): calc.: [C9H13N2O6]
+ 245.0768, found: 245.0768 
[M+H]+. IR (cm-1): ?̃? = 3347 (w), 2357 (vw), 2336 (vw), 1675 (vs), 1363 (w), 1391 (w), 
1272 (m), 1250 (m), 1197 (m), 1084 (vs), 1042 (vs), 975 (m), 918 (w), 859 (w), 813 (m), 













dimethyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-7-yl acetate (32) 
 
Uracil (224 mg, 2.00 mmol, 1.00 eq.) was suspended in dry MeCN (16 ml) under 
inert atmosphere. Bis(trimethylsilyl)acetamid (1.26 ml, 1.05 g, 5.00 mmol, 2.50 eq.) was 
added and stirred at 40 °C until the mixture became clear. TMSOTf (0.50 ml, 0.62 mg, 
2.80 mmol, 1.40 eq.) was added. 1,2-O-acetate-3,4-O-isopropylidene-D-arabinose(44) 
(716 mg, 2.60 mmol, 1.30 eq.) was separately dissolved in dry MeCN (5 ml) and slowly 
added to the reaction mixture within 30 min. After stirring 2 h at 40 °C, the reaction was 
quenched with sat. NaHCO3 (20 ml) and extracted with DCM (3 x 25 ml). The combined 
organic layers were washed with sat. NaCl (30 ml), dried over Na2SO4, filtered and the 
solvent removed in vacuo.  The product was purified by flash column chromatography 
(iHex/acetone, 7:3 → 1:1) to yield the product as a colorless solid (565 mg, 1.73 mmol, 
87%). 
mp: 225 °C; 1H NMR (400 MHz, CDCl3) (ppm) = 8.54 (s, 1H, HN3), 7.43 (d, 3J 
= 8.2 Hz, 1H, HC6), 5.78 (dd, 3J = 8.2 Hz, 4J 2.3 Hz, 1H, HC5), 5.56 (d, 3J = 9.4 Hz, 1H, 
HC1’), 5.10 (dd, 3J = 9.4, 7.0 Hz, 1H, HC3’), 4.40 (d, 2J = 13.9 Hz, 1H, HaC5’), 4.34 (dd, 
J = 7.1, 5.4 Hz, 1H,HC2’), 4.31 – 4.26 (m, 1H, HC4’), 3.98 (dd, 2J = 13.9, 2.4 Hz, 1H, 
Hb5’), 2.06 (s, 3H, CH3), 1.59 (s, 3H, CH3), 1.39 (s, 3H, CH3). 13C NMR (101 MHz, 
CDCl3) (ppm) = 170.0 (CO), 162.5 (C4), 150.4 (C2), 139.9 (C6), 110.8 (Cq), 103.3 
(C5), 80.4 (C1’), 76.5 (C2’), 73.3 (C4’), 71.1 (C3’), 66.3 (C5’), 27.9 (CH3), 26.2 (CH3), 
20.8 (CH3). HRMS (ESI+): calc.: [C14H19N2O7]
+ 327.1187, found: 327.1188 [M+H]+. IR 
(cm-1): 𝜈 ̃ = 2985 (vw), 2882 (vw), 2359 (vw), 2053 (vw), 1741 (m), 1711 (s), 1675 (vs), 
1470 (w), 1426 (w), 1375 (m), 1296 (m), 1249 (m), 1218 (vs), 1170 (w), 1130 (s), 1051 





Nucleoside 32 (355 mg, 1.09  mmol) was dissolved in methanolic ammonia (14 ml, 
1 M) and kept at rt for 20 h. The solvent was removed in vacuo and the crude product 
was purified by flash column chromatography (DCM/MeOH, 92:8) to obtain the product 





mp: 220 °C (decomp.). 1H NMR (400 MHz, DMSO-d6) (ppm) = 11.36 (s, 1H, 
HN3), 7.65 (d, 3J = 8.1 Hz, 1H, HC6), 5.64-5.59 (m, 2H, HC5, HO), 5.26 (d, 3J = 9.7 Hz, 
1H, HC1’), 4.23 – 4.18 (m, 1H, HC4’), 4.15 (d, 2J = 13.5 Hz, 1H, HaC5’), 4.11 (dd, 
3J = 
7.0, 5.5 Hz, 1H, HC3’), 3.92 (dd, 2J = 13.5 Hz, 3J = 2.6 Hz, 1H, HbC5’), 3.71 – 3.63 (m, 
1H, HC2’), 1.49 (s, 4H, CH3), 1.29 (s, 4H, CH3). 13C NMR (101 MHz, DMSO-d6) 
(ppm) = 163.0 (C4), 151.0 (C2), 141.3 (C6), 108.7 (Cq), 102.0 (C5), 81.9 (C1’), 79.1 
(C3’), 73.3 (C4’), 69.7 (C2’), 65.3 (C5’), 28.0 (CH3), 26.2 (CH3). HRMS (ESI+): calc.: 
[C12H17N2O6]
+ 285.1081, found: 285.1082 [M+H]+. IR (cm-1): 𝜈 ̃ = 3378 (w), 2989 (w), 
2888 (vw), 2827 (vw), 2360 (vw), 1678 (vs), 1623 (m), 1469 (w), 1416 (w), 1392 (m), 
1372 (m), 1336 (w), 1288 (m), 1275 (w), 1249 (s), 1216 (s), 1202 (s), 1167 (w), 1138 (s), 
1108 (m), 1086 (vs), 1046 (s), 1022 (m), 975 (m), 958 (m, 936 (w), 874 (s), 846 (s), 826 





Nucleoside 33 (150 mg, 0.53 mmol) was dissolved in DCM (8 ml) together with 
Dess-Martin Periodinan (336 mg, 0.79 mmol) and NaHCO3 (89 mg, 1.06 mmol). The 
reaction mixture was reacted for 2 h at 45 °C and quenched with solid Na2S2O3 (0.55 g) 
together with sat. NaHCO3 (5 ml). It was rigorously stirred until the organic phase 
became clear. The organic layer was separated and the aqueous layer was extracted with 
DCM (5 x 15 ml) and EtOAc (5 x 20 ml). The combined organic layers were dried over 
MgSO4, filtered and the solvent removed in vacuo. The crude product was dissolved in a 
mixture of DCM/EtOAc/MeOH (2:1:1, 10 mL) and NaBH4 (35 mg, 0.93 mmol) was 
added. The mixture was stirred for 1 h at 0 °C. The solvent was removed in vacuo. The 
residue was dissolved in EtOAc (20 ml) and washed with sat. NaCl (30 ml). The aqueous 
phase was extracted with EtOAc (8 x 25 ml). The combined organic layers were dried 
over MgSO4, filtered and the solvent removed in vacuo. The crude product was purified 
by flash column chromatography (DCM/MeOH, 96:4) to obtain the product as a colorless 
solid (60 mg, 0.21 mmol, 40%).  
mp: 205 °C (decomp.). 1H NMR (400 MHz, DMSO-d6) (ppm) = 11.32 (s, 1H, 
HN3), 7.79 (d, 3J = 8.1 Hz, 1H, HC6), 5.64 (d, 3J = 3.0 Hz, 1H, HC1’), 5.56 (d, 3J = 8.1 
Hz, 1H, HC5), 5.40 (d, 3J = 5.9 Hz, 1H, OH), 4.34 (dd, 3J = 6.7, 4.5 Hz, 1H, HC3’), 4.24 
– 4.19 (m, 1H, HC4’), 4.06 (dd, 2J = 12.6 Hz, 3J = 3.1 Hz, 1H, HaC5’), 3.95 (dd, 
2J = 12.7 
Hz, 3J = 3.9 Hz, 1H, HbC5’), 3.91 – 3.87 (m, 1H, HC2’), 1.46 (s, 3H, CH3), 1.30 (s, 3H, 
CH3). 13C NMR (101 MHz, DMSO-d6) (ppm) = 163.2 (C4), 150.3 (C2), 143.2 (C6), 
109.1 (Cq), 100.0 (C5), 80.2 (C1’), 72.8 (C3’), 70.8 (C4’), 65.4 (C5’), 64.60 (C2’), 26.0 
(CH3), 25.5. (CH3). HRMS (ESI+): calc.: [C12H17N2O6]
+ 285.1081, found: 285.1081 





(vs), 1454 (w), 1425 (w), 1381 (m), 1211 (s), 1155 (m), 1126 (s), 1084 (s), 1064 (vs), 
1042 (vs), 991 (w), 882 (w), 846 (m), 814 (m), 763 (m), 737 (m), 678 (w). 
 
α-D-Ribopyranosyl-Uracil (-p-U, 12c) 
 
Nucleoside 34 was dissolved in 70% acetic acid (5 ml) and stirred for 5 h at 60 °C. 
The solvent was removed in vacuo and remaining AcOH was co-evaporated with EtOH 
(2 x 30 ml) and MeCN (3 x 30 ml). The crude product was purified by flash column 
chromatography (DCM/MeOH 88:12) to obtain the product as white solid (32.0 mg, 
0.151 mmol, 83%). For LC-MS measurements, a fraction of the product was further 
purified by reversed phase HPLC. 
mp: 243 °C (decomp.) 1H NMR (599 MHz, DMSO-d6)    (ppm) = 11.34 (s, 1H, 
HN3), 7.70 (d, 3J = 8.2 Hz, 1H, HC6), 5.57 (d, 3J = 8.1 Hz, 1H, HC5), 5.47 (d, 3J = 1.2 
Hz, 1H, HC1’), 5.27 (br, 1H, C2’OH), 5.17 – 5.12 (br, 1H, C3’OH), 5.10 (br, 1H, 
C4’OH), 3.96 (dd, 2J = 12.4 Hz, 3J = 1.6 Hz, 1H, HaC5’), 3.75 (d, 
2J = 12.2 Hz, 1H, 
HbC5’), 3.72 (d, 
3J = 7.4 Hz, 1H, HC2’), 3.70 – 3.66 (m, 2H, HC3’, HC4’). 13C NMR 
(101 MHz, DMSO-d6)    (ppm) = 163.1 (C4), 150.0 (C2), 142.5 (C6), 100.1 (C5), 81.6 
(C1’), 70.9 (C2’), 70.3 (C5’), 68.6 (C4’), 67.2 (C3’). HRMS (ESI+): calc.: [C9H13N2O6]
+ 
245.0768, found: 245.0768 [M+H]+. IR (cm-1): 𝜈 ̃ =3359 (w), 3295 (w), 2934 (vw), 1769 
(vw), 1716 (w), 1692 (m), 1665 (s), 1461 (m), 1432 (w), 1398 (w), 1385 (w), 1373 (w), 
1322 (vw), 1295 (m), 1251 (m), 1195 (w), 1159 (w), 1110 (m), 1084 (vs), 996 (w), 968 
(w), 911 (w), 889 (w), 834 (w), 818 (s), 769 (vs), 714 (s), 670 (s). 
 




D-Ribose (14.4 g, 96 mmol) and cyanamide (8.06 g, 192 mmol) were dissolved in 
aqueous ammonia (16 ml, 1M) in a pressure tube. The mixture was heated at 30 °C until 
the solution became clear. The reaction was further stirred at rt until a precipitate started 
to form. The reaction was heated for 30 min at 60 °C and the solvent removed in vacuo. 
The residue was taken up in hot MeOH (32 ml) and filtrated immediately. The warm 
filtrate was kept at -20 °C overnight.  The yellowish solid was filtered off and washed 
with MeOH and Et2O to obtain the pure product as a colorless solid (12.6 g, 72.3 mmol, 
75%).(47) 
The analytical data is in agreement with reported literature.(48) 
1H NMR (400 MHz, DMSO-d6) (ppm) = 6.14 (d, 3J = 1.8 Hz, 2H), 5.57 – 5.12 











Compound 35 (10.0 g, 75.4 mmol) and methyl propiolate (9.60 g, 9.65 mL, 
114 mmol) were dissolved in H2O (130 mL) and stirred at 100 °C for 30 min.  The 
solvent was removed in vacuo and the residue taken up in hot MeOH (65 ml). The 
solution was filtered hot and the filtrate kept at -20 °C for 48 h. The formed yellow 
crystals were filtered off to obtain the pure product (6.21 g, 27.5 mmol, 48%).(47) The 
analytical data is in agreement with reported literature.(49) 
1H NMR (400 MHz, DMSO-d6) (ppm) = 7.85 (d, 3J = 7.4 Hz, 1H), 6.20 (d, 3J = 
5.3 Hz, 1H), 5.88 (d, 3J = 7.4 Hz, 1H), 5.77 (d, 3J = 6.8 Hz, 1H), 5.23 (t, 3J = 5.4 Hz, 1H), 
4.91 – 4.86 (m, 1H), 4.05 (ddd, 3J = 9.1, 6.8, 5.4 Hz, 1H), 3.69 (ddd, 2J = 12.3 Hz, 3J = 
4.9, 2.0 Hz, 1H), 3.56 (ddd, 3J = 9.2, 5.0, 1.9 Hz, 1H), 3.50 – 3.42 (m, 1H). 13C NMR 




Compound 36 (1.0 g, 4.40 mmol) dissolved in aqueous HCl (2.2 ml, 0.2 M) was 
refluxed for 2 h. The solvent was removed in vacuo and the residue was taken up in H2O. 
The solution was neutralized until pH ~6 with Dowex 1X8. It was filtered and the resin 
was washed with H2O. The filtrate was freeze dried to obtain the product as a colorless 
powder (1.02 g, 4.18 mmol, 95%). For LC-MS analysis, a small fraction of the product 
was further purified by reversed phase HPLC. 
mp: 202 °C (decomp.). 1H NMR (400 MHz, DMSO-d6) (ppm) = 11.18 (s, 1H, 
HN3) 7.61 (d, 3J = 8.1 Hz, 1H, HC6), 6.01 (d, 3J = 4.6 Hz, 1H, HC1’), 5.56 (d, 3J = 8.1 
Hz, 1H, HC5), 5.49 (br, 1H, OH), 5.12 (br, 1H, OH), 4.80 (d, 3J = 9.0 Hz, 1H, OH), 4.16 
(t, 3J = 4.5 Hz, 1H, HC2’), 4.06 – 3.98 (m, 2H, HC3’, HC4’), 3.58 (dd, 2J = 12.0 Hz, 3J =  
2.7 Hz, 1H, HaC5), 3.42 (dd, 
2J = 12.2 Hz, 3J = 4.1 Hz, 1H, HbC5). 13C NMR (101 MHz, 
DMSO-d6) (ppm) =  163.3 (C4), 150.6 (C2), 142.8 (C6), 99.8 (C5), 85.1 (C1’), 84.0 
(C4’), 70.4 (C3’), 70.3 (C2’), 61.2 (C7). HRMS (ESI+): calc.: [C9H13N2O6]
+ 245.0768, 
found: 245.0768 [M+H]+. IR (cm-1): 𝜈 ̃ = 3301 (w), 3058 (w), 2930 (w), 2805 (vw), 2342 
(vw), 1659 (vs), 1463 (m), 1394 (m), 1269 (s), 1197 (m), 1096 (s), 1037 (vs), 1021 (vs), 







3,4-dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3,4-diyl diacetate (37) 
 
Compound 12a (500 mg, 2.05 mmol) was dissolved in pyridine (5 ml) and acetic 
anhydride (5 ml) at 0 °C. The mixture was reacted for 18 h and the solvent removed in 
vacuo. It was co-evaporated with MeCN (20 ml). The residue was purified by flash 
column chromatography (DCM/MeOH 97:3) to afford the product as a colorless solid 
(611 mg, 1.65 mmol, 80%). 
mp: 70 °C. 1H NMR (400 MHz, DMSO-d6) (ppm) = 11.38 (s, 1H, HN3), 7.65 (d, 
3J = 8.2 Hz, 1H, HC6), 6.34 (d, 3J = 4.7 Hz, 1H, HC1‘), 5.64 (d, 3J = 8.2 Hz, HC5), 5.54 
(t, 3J = 4.7 Hz, 1H, HC2‘), 5.35 (dd, 3J = 6.2, 5.1 Hz, 1H, HC3’), 4.66 – 4.60 (m, 1H, 
HC4‘), 4.26 (dd, 2J = 12.2 Hz, 3J = 3.4 Hz, 1H, HaC5’), 4.16 (dd, 
2J = 12.2 Hz, 3J = 5.7 
Hz, 1H, HbC5’), 2.06 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.97 (s, 3H, CH3). 13C NMR (101 
MHz, DMSO-d6) (ppm) = 170.1 (CO), 169.4 (CO), 168.8 (CO), 163.1 (C4), 150.2 
(C2), 141.0 (C6), 100.9 (C5), 83.5 (C1‘), 78.8 (C4‘), 70.6 (C3‘) 69.8 (C2‘), 63.1 (C5’), 
20.6 (CH3), 20.4 (CH3), 20.1 (CH3). HRMS (ESI+): calc.: [C15H18N2NaO9]
+ 393.0905, 
found: 393.0904 [M+Na]+. IR (cm-1): 𝜈 ̃ = 3059 (vw), 2159 (vw), 1743 (s), (1682 (vs), 
1455 (w), 1371 (m), 1211 (vs), 1109 (s), 1075 (m), 1030 (s), 944 (w), 902 (w), 813 (m), 




Compound 37 (100 mg, 0.27 mmol) was dissolved in dry DCM. It was added Et3N 
(105 µL, 78.1 mg, 0.77 mmol), DMAP (6.00 mg, 0.05 mmol) and 2,4,6-TIPBS (164 mg, 
0.54 mmol) and stirred for 20 h at rt. The reaction was quenched with sat. aqueous 
ammonia (6 ml) and further stirred for 3 h at rt. The solvent was removed in vacuo and 
residual water co-evaporated with MeCN (2 x 25 ml). The residue was purified by flash 
column chromatography (DCM/MeOH 88:12) and reversed phase HPLC to afford the 
product as a colorless solid (15 mg, 0.06 mmol, 23%) 
mp: 190 °C. 1H NMR (400 MHz, DMSO-d6) (ppm) = 7.52 (d, 3J = 7.4 Hz, 1H, 
HC6), 7.05 (br, 1H, HaN), 6.96 (br, 1H, HbN), 6.01 (d, 
3J = 3.7 Hz, 1H, HC1’), 5.66 (d, 3J 
= 7.4 Hz, 1H, HC5), 5.27 (s, 1H, OH), 4.97 (s, 1H, OH), 4.77 (s, 1H, OH), 4.07 – 4.01 
(m, 2H, HC2’, HC3’), 3.98 – 3.92 (m, 1H, HC4’), 3.61 (dd, 2J = 12.1 Hz, 3J = 2.6 Hz, 
1H, HaC5’), 3.42 (dd, 2J = 12.2 Hz, 3J = 4.6 Hz, 1H, HbC5’).13C NMR (101 MHz, 
DMSO-d6) (ppm) = 165.6 (C4), 155.2 (C2), 143.1 (C6), 92.3 (C5), 85.6 (C1’), 83.1 






found: 244.0927 [M+H]+. IR (cm-1): 𝜈 ̃ = 3267 (w), 2360 (vs), 2222 (s), 1842 (m), 1589 
(m), 1311 (w), 1210 (w), 1033 (m), 793 (m), 668 (vs).  
 
Synthesis of -pyranosyl-cytidine 4-amino-1-((1’R,2’S,3’S,4’R)-7-hydroxy-2,2-
dimethyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-6-yl)pyrimidin-2(1H)-on (38) 
 
Compound 32 (143 mg, 0.44 mmol) was dissolved in dry DCM (9 ml). It was added 
triethylamine (118 mg, 162 ml, 1.60 mmol), DMAP (8 mg, 0.07 mmol, 0.15 eq.) and 
2,4,6-TIPBS (265 mg, 0.88 mmol). The mixture was reacted for 72 h at rt and quenched 
with sat. ammonia in H2O (3 ml). The reaction was further stirred for 5 h at rt. The 
solvent was removed in vacuo und residual H2O was co-evaporated with MeCN (2 x 25 
ml). The crude mixture was purified by flash column chromatography (DCM/MeOH 12:1 
→ 4:1, containing 0.1% Et3N) to obtain the product as a white solid (67 mg, 0.21 mmol, 
48%). 
mp: 210 °C (decomp.). 1H NMR (400 MHz, DMSO-d6) (ppm) = 7.54 (d, 3J = 7.5 
Hz, 1H, HC6), 7.23 (br, 1H, HaN), 7.11 (br, 1H, HbN), 5.71 (d, 
2J = 7.4 Hz, 1H, HC5), 
5.41 (d, 3J = 6.4 Hz, 1H, OH), 5.36 (d, 3J = 9.8 Hz, 1H, HC1‘), 4.22 – 4.18 (m, 1H, 
HC4‘), 4.14 – 4.07 (m, 2H, HaC5‘, HC3‘), 3.85 (dd, 
2J = 13.6 Hz, 3J = 2.5 Hz, 1H, 
HbC5‘), 3.67 – 3.57 (m, 1H, HC3‘), 1.48 (s, 3H, CH3), 1.29 (s, 3H, CH3). 13C NMR (101 
MHz, DMSO-d6) (ppm) = 165.4 (C4), 155.5 (C2), 141.7 (C6), 108.5 (Cq), 94.2 (C5), 
82.3 (C1‘), 79.4 (C3‘), 73.3 (C4‘), 69.9 (C2‘), 65.2 (C5‘), 28.0 (CH3), 26.2 (CH3). 
HRMS (ESI+): calc.: [C12H18N3O5]
+ 284.1240, found: 284.1241 [M+H]+. IR (cm-1): ?̃? = 
3326 (w), 2932 (w), 2819 (vw), 2360 (vw), 1660 (vs), 1525 (vw), 1465 (m), 1395 (m), 





Compound 38 (35 mg, 0.12 mmol) was dissolved in MeCN (5.5 ml). Dess-Martin-
Periodinan (104 mg, 0.25 mmol) was added and the reaction mixture was stirred for 3.5 h 
at rt. The reaction was quenched with Na2S2O3 (500 mg) und NaHCO3 (100 mg) and 
further stirred for 10 min. The mixture was filtered and the solvent removed in vacuo. 
The crude keto product was dissolved in DCM (3 mL), EtOAc (1.5 mL) und MeOH 





was removed in vacuo. The crude product was dissolved in 70% acetic acid (5 ml) and 
stirred for 5 h at 60 °C. The solvent was removed in vacuo and co-evaporated with EtOH 
(2 x 30 ml) and MeCN (3 x 30 ml). The crude mixture was purified by reversed phase 
HPLC to obtain the product as colorless solid (7.0 mg, 0.029 mmol, 24 %). 
mp: 194 °C (decomp.). 1H NMR (400 MHz, DMSO-d6) (ppm) = 7.61 (d, 3J = 7.4 
Hz, 1H, HC6), 7.18 (br, 1H, HaN), 7.02 (br, 1H, HbN), 5.67 (d, 
3J = 7.4 Hz, 1H, HC5), 
5.47 (s, 1H, HC1‘), 5.13 (d, 3J = 6.0 Hz, 1H, OH), 5.10 (d, 3J = 5.8 Hz, 1H, OH), 5.07 (d, 
3J = 7.7 Hz, 1H, OH), 3.95 (dd, 2J = 12.2 Hz, 3J = 1.8 Hz, 1H, HaC5‘), 3.75 – 3.63 (m, 
4H, HC2, HC3, HC4, HbC5‘).13C NMR (101 MHz, DMSO-d6) (ppm) = 165.5 (C4), 
154.4 (C2), 143.1 (C6), 92.5 (C5), 82.3 (C1‘), 70.6 (C2‘), 70.3 (C5‘), 68.7 (C4‘), 67.4 
(C3‘). HRMS (ESI+): calc.: [C9H14N3O5]
+ 244.0928, found: 244.0927 [M+H]+. IR (cm-
1): ?̃? = 3217 (w), 2360 (vw), 1891 (vw), 1645 (s), 1598 (m), 1525 (w), 1481 (m), 1405 
(m), 1299 (m), 1203 (m), 1158 (m), 1084 (vs), 1015 (s), 987 (s), 902 (m), 833 (m), 780 
(vs), 752 (s), 668 (vs). 
 
Synthesis of-pyranosyl-cytidine -pyranosyl-cytidine (11d) 
 
Nucleoside 31 (50.0 mg, 0.135 mmol) was dissolved in dry DCM. It was added NEt3 
(27.3 mg, 37.4 L, 0.270 mmol), DMAP (1.7 mg, 0.014 mmol, 0.1 eq.) and 2,4,6-TIPBS 
(61.5 mg, 0.203 mmol) and stirred for 17 h at rt. The reaction was quenched with sat. 
ammonia in H2O. The solvent was removed in vacuo and residual water was co-
evaporated with MeCN (4 x 20 ml). The crude product was purified by reversed phase 
HPLC to obtain the pure product as a colorless solid (15 mg, 0.062 mmol, 46%). 
mp: 180 °C. 1H NMR (599 MHz, DMSO-d6) (ppm) = 7.54 (d, 3J = 7.4 Hz, 1H, 
HC6), 7.16 (br, 1H, HaN), 7.05 (br, 1H, HbN), 5.70 (d, 
3J = 9.6 Hz, 1H, HC1’), 5.68 (d, J 
= 7.5 Hz, 1H, HC5), 5.01 (d, 3J = 3.5 Hz, 1H, OH), 4.83 (d, 3J = 7.2 Hz, 1H, OH), 4.78 
(br, 1H, OH), 3.96 (s, 1H, HC3’), 3.64 – 3.57 (m, 2H, HC4’, HC2’), 3.54 (d, 2J = 10.2 
Hz, 1H, HaC5’), 3.50 (dd, 
2J = 10.3 Hz, 3J = 5.0 Hz, 1H, HbC5’).
 13C NMR (101 MHz, 
DMSO-d6) (ppm) = 165.3 (C4), 155.7 (C2), 141.8 (C6), 93.9 (C5), 79.8 (C1’), 71.2 
(C3’), 68.0 (C2’), 66.7 (C4’), 65.2 (C5’). HRMS (ESI+): calc.: [C9H14N3O5]
+ 244.0928, 
found: 244.0927 [M+H]+. IR (cm-1): 𝜈 ̃ = 3426 (w), 3210 (m), 2922 (w), 1640 (vs), 1596 
(vs), 1526 (m), 1489 (vs), 1400 (m), 1387 (m), 1368 (m), 1322 (w), 1300 (m), 1281 (m), 
1269 (m), 1242 (m), 1224 (m), 1204 (s), 1132 (s), 1115 (m), 1094 (s), 1076 (s), 1039 






Synthesis of lüneburgite: Mg3(H2O)6[B2(OH)6(PO4)2] 
The synthesis was performed according to literature.(50) Magnesiumoxide (1 g, 25 
mmol), dimagnesiumphosphate trihydrate (8.1 g, 46.5 mmol) and boric acid (9.2 g, 149 
mmol) were refluxed in H2O (200 ml) for 4 days. After cooling to rt, the colorless solid 
was filtered off to afford the product (9.5 g, 19.2 mmol, 83%). The mineral was analysed 
by XRD measurement to confirm the correct product (see Fig. S10). 
 
Synthesis of struvite: MgNH4PO4 x 6H2O 
The synthesis was performed according to literature.(51) A solution of (NH4)2PO4 
(50 mL, 1 M, 50 mmol) was added to a solution of MgCl2 (50 mL, 1M, 50 mmol). The 
mixture was stirred for 15 min at room temperature. The solid was filtered off and 
washed with water to afford the product as a white solid (8.1 g). The mineral was 






Fig. S1.  
Hydrolysis of hydroxylamine disulfonate (6) affords hydroxylamine (2) as reveald by 1H-






Fig. S2.  
1H NMR analysis for the formation of cis-7. a) Treatment of an aqueous nitrite solution 
with SO2 afforded 6, which further reacted with 1 to give adduct 7. Detailed information 
can be found in the aforementioned procedure. 1H-NMR spectroscopy in H2O/D2O (9:1) 
reveals formation cis-7 (88%). Quantification was achieved using sodium acetate (0.5 eq) 
as reference standard. b) Since water suppression interferes with the H-2 signal of the cis-







Fig. S3.  







Fig. S4.  
LC-MS analysis for the formation of 10a-d. The UV-chromatograms at 223 nm are 
shown. a) Boric acid catalysed ribosylation of 8 affords the four expected  and -
anomers of isoxazolyl-urea as furanoside 10 a,b or pyranoside 10c,d.  b) The mixture 
obtained in a) was heated in 125 mM borax at 95 °C for 2.5 h. Isomerization is also 
possible at lower temperature but with longer reaction time. The pyranoside products 
(10c and d) are converted into the furanoside products (10a and b). Further reaction gives 
10a and b as the only ribosides with only trace amounts of the pyranosides 10c and d 







Fig. S5.  
1H-NMR in D2O after 8 was reacted with ribose under different conditions. The 
ribosylated product 10a-d is obtained as a mixture of - and -anomers as either 
furanoside (f) or pyranoside (p). The 1H-NMR signals observed correspond to the proton 
labelled in red. The yields are relative to the starting material 8. a) reaction scheme. b) the 
slightly basic conditions are expected to give borate complexes that are overlapping with 
the free nucleosides. c) more acidic conditions lead to higher degree of glycosylation and 







thiol 11a 11b 11c 11d 12a 12b 
cysteine  37.2% 22.9% 3.2% 6.1% 0.5% 1.4% 
mercaptoethanol 30.8% 18.2% 1.7% 2.6% 0.3% 0.4% 
DTT 54.7% 19.8% 2.8% 5.4% 0.7% 1.0% 
propanedithiol 26.0% 12.2% 11.0% 10.9% 0.2% 0.1% 
Fig. S6.  
Cytidine 11a-d and uridine 12a/b formation in the presence of different thiols. All 
reductions were performed with 0.001 eq. of soluble Fe2+ in 100 mM sodium carbonate, 
50 mM borate buffer (pH  9.7). Reduction in the presence of different thiols: a) cysteine, 
b) mercaptoethanol, c) dithiothreitol (DTT) and d) propanedithiol. e) table with 
calculated yields for 11a-d and 12a/b. For mercaptoethanol the overall yield is 





Fig. S7.  
Prebiotic nucleotide synthesis in the presence of lueneburgite. a) Reaction scheme and 
full UV-chromatogram after nucleotide formation. An extract was shown in Fig. 5b in the 
main text. The yield was calculated relative to all cytidine isomers. The mono- (green) 
and di-phosphate (orange) peaks are highlighted. b) UV-chromatogram and 







Confirmation of nucleotide structures from a prebiotic sample. a) LC-MS separation of 
phosphorylated nucleosides, isolated from a prebiotic reaction. The products were 
compared with a sample treated with apyrase. The di-phosphorylated peaks are clearly 
depleted in the treated sample (red line), proving the formation of pyrophosphates (left 
panel). Co-injection with 5’-cytidine-di-phosphate (14b, -CDP) clearly confirmed 
formation of - and -CDP (right panel) . b) Co-injection of 5’-cytidine and 5’-uridine-
mono-phosphate (13b and 15b, -CMP and -UMP) confirmed the formation of 13b and 






Fig. S9.  
Co-injection study for -5’-uridine-di-phosphate 16b. For this experiment we used the 
same buffers as stated in the general information, but a different gradient: 0 → 15 min, 
Buffer B 0% → 10%. Co-injection was followed by UV and MS detection with 








Prebiotically linked syntheses of pyrimidine (8) and purine (22, 24) precursors (detailed 
information can be found in the aforementioned procedure). a) prebiotically formed 
nitrosopyrimidine 21 was converted to 22 and 24 in the presence of Zn and dil. formic 
acid. The HPL-chromatogram of the reaction products is shown. b) The reaction from a) 
was directly used and a solution containing 4 and 5 was added. Upon dry-down the 
formation of 8 was observed in the presence of 22 and 24. The HPL-chromatogram of the 






Fig. S11.  
Formation of pyrimidine nucleotides from isoxazolylurea-ribosides with struvite. a) LC-
MS analysis of pyrimidine nucleoside formation from compound 10a/b in the presence of 
struvite. The UV-chromatogram at 260 nm is shown. The reduction of the isoxazole 
moiety in 10a/b furnished the  and -anomers as pyranoside (p) and furanside (f) 
isomers of cytidine (C, 11a-d) or uridine (U, 12a/b). b) One-pot Synthesis of cytidine 





added to the reaction mixture shown in (a) and letting the mixture dry-down at 85°C for 
20 h.  c) LC-MS analysis of the corresponding nucleotide peaks and isolation from the 
prebiotic reaction. Co-injection studies confirmed formation of CMP (13a/b). The - and 







Fig. S12.  
XRD measurement of synthetic lueneburgite (green) and comparison with database 





Fig. S13.  
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